Abstract: Recent research funding, as well as technological and management changes, has led to important scientific discoveries on irrigation and drainage of cranberry that could significantly impact on plant yield and water use. This paper integrates all this information into new proposed guidelines for irrigation and drainage management of cranberry. It explains the interaction of the different concepts, with the most recent ones published in this special issue. Cranberry yield is very sensitive to wet anaerobic conditions (soil matric potential >−4 kPa) or dry bed conditions (<−7 kPa) limiting capillary rise. It also appears that important water savings can be achieving by irrigating by a combination of overhead and subirrigation maintaining the top 15 cm of the bed within those soil matric potential limits and to meet an evapotranspiration demand up to 7.5 mm d −1 , provide frost and heat protection, and avoid salt accumulation, as this crop also appears sensitive to salinity stress. Finally, following plantings, soil properties appear to evolve dynamically and should be followed through profile observations, and combination of soil water potential and ground penetrating radar data, to identify potential yield limitations.
Introduction
Cultivated cranberry (Vaccinium macrocarpon Ait.) is a plant with flower buds that produce an average of 2-4 flowers every other year. Depending on the cultivar, approximately half of the flowers set red berries that weigh 1-2 g at harvest. Roots of the cranberry plant are fine and fibrous and extend to depths of 7-15 cm below the soil surface (Sandler and DeMoranville 2008) . Native to eastern North America, cranberries are predominantly grown in the USA and Canada (FAOSTAT 2015) , with 82% of production concentrated in three regions: Wisconsin, Québec, and Massachusetts. The industry has expanded rapidly over the past 10 yr: regionally, production has increased 338% in Québec, 65% in Massachusetts, and 37% in Wisconsin; globally, production is up 60%. The rapid growth of the cranberry industry can largely be attributed to an increase in yield per unit area, observed steadily from 1999 in two of the three main producing areas, Québec and Wisconsin (Fig. 1a) combined to an expansion of the production areas in the same two zones (Fig. 1b) . Obviously, yield increases may be linked to the plantings of new hybrid cultivars or of higher purity cuttings, but inventory also indicates that these plantings were often made with bed configuration providing better drainage. Moreover, changes in irrigation and drainage also played a major role in enhancing crop yield in some areas such as Québec (Bonin 2010; Pelletier et al. 2015a Pelletier et al. , 2015b Pelletier et al. , 2017 and Wisconsin.
Cranberry production is commonly associated with a wetland setting, but the cranberry flourishes in the well-drained sandy soils. A typical cranberry farm consists of a sand layer (15-60 cm in thickness) that caps an impermeable base layer of fined-grained organic or mineral sediments. Perimeter ditches, subsurface tile drains, and flow control structures are used in concert to manage rapid drainage of excess soil water. Subsurface tile drains, which generally consist of 10 cm diameter perforated plastic pipes, may serve to enhance subsurface drainage as well as subirrigation. The vertical depth of tile drains in cranberry farms is largely controlled by local geologic features, as well as the cost associated with the transport and application of sand (i.e., deeper tile drains will require more sand that may increase the cost of the tile drainage system), but generally corresponds to the distance between the soil surface and the impermeable base layer. Horizontal spacing of tile drains may depend on the size of the farm and the irrigation design. In Massachusetts, for example, a 6 m horizontal spacing is the most common, in part because it can accommodate existing buried sprinkler irrigation pipes. Tile drains are occasionally installed leveled to the soil surface, but more regularly are installed on a slight gradient of 0.1%-0.2%. Recently established beds generally comprise a thicker (30-40 cm) layer of coarse sand and a network of tile drains spaced by 6 m, whereas older beds typically contain fewer tile drains and less (15-20 cm) sand (Handyside 2003) .
Drainage and irrigation are inherently connected in cranberry production systems, with more poorly drained soils requiring less irrigation and vice versa. Cranberry farms generally receive irrigation water from set-point sprinkler systems, which were introduced in the 1950s to protect cranberry buds from spring frost damage (Eck 1990) . Artificial drainage systems of ditches, reservoirs, and subsurface tile drains were installed to conserve and reuse irrigation water, often leading to large quantities of readily available water that may have contributed to over water-use by growers. For example, the cultural practice of irrigating for 2 h every other day in the summer was widely adopted by growers across the major growing regions (Eck 1990; Bonin 2009 ). Approaches to irrigation and drainage management of cranberry farms have changed drastically over the past decade, with new research showing maximum crop yield and photosynthesis under relatively dry soil moisture conditions (Bonin 2009; Pelletier et al. 2013 Pelletier et al. , 2016a Pelletier et al. , 2016b Pelletier et al. , 2017 Laurent 2014; Caron et al. 2016 ). Still, a general paucity of information exists on how best to maintain pre-set values of soil matric potential that allow for optimal plant growth and yield. Indeed, the general relationship reported by Caron et al. (2016) is purely observational with respect to crop yield response to changes in soil wetness (Fig. 2) , with a synthesis of the processes underlying adequate aeration (at the wet end of the range) and limiting water stress (at the dry end of the range) still lacking.
Although progress is clearly evident, answers to basic, fundamental questions would help to move the cranberry industry toward a unified approach to irrigation and drainage management, with many of them illustrated in Fig. 2 . Understanding relationships among oxygen-level requirements, plant growth stage, and soil drainage, for example, would help bridge the gap between basic and applied research studies. However, many questions still remain with respect to emergent forms of irrigation management, such as subirrigation, and how best to balance crop production and environmental water quality. Irrigation is also a widely adopted practice for managing crop temperature, including plant cooling in the summer and frost protection in the spring, and yet much is still unknown about the best management of these relatively new methods for cranberry irrigation, particularly with respect to plant cooling. The objectives of this paper are twofold: (1) summarize the most recent findings of irrigation and drainage management research in cranberry and (2) synthesize these findings to propose guidelines for linking drainage and irrigation management strategies to enhance cranberry production and optimize water and energy use.
Irrigation Management Strategies
Influence of texture and bed configuration As mentioned above, most of new cranberry beds are now typically established on a relatively impermeable layer topped with sand of variable height (typically 15-60 cm). However, alternative designs do exist, with sometimes very good performances too. Such beds are sometimes found on histosols, with the cuttings being planted in the leveled organic layer. Alternatively, the organic layers maybe topped with a shallow layer of sand (15 cm) or with 15-40 cm of coarse sawdust like in many sites in British Columbia. In mineral soils, planting is also sometimes performed on deep sand where drainage can be excessive. Alternatively, a 10-20 cm clay layer may have been laid down, further topped with 30-40 cm of coarse sand on such sites, to allow maintaining a high water table needed for harvesting. These cases have not been studied extensively and, therefore, some of the recommendations issued in this paper may deserve additional investigations before the conclusion drawn here is fully applied. Indeed, the specific bed geometry and layering type may affect water transfer. The second factor that will obviously affect the crop growth is the soil texture itself. From sawdust to peat, hydraulic properties of histosols greatly differ from those mineral soils and deserves special consideration (Caron et al. 2015 ) too important to be addressed herein, because of their fibric nature and the layered arrangement of fibers within a given layer. Sand remains the most popular material to be used in the top layer and Périard et al. (2016 Périard et al. ( , 2017 investigated profile evolution for such layers. Despite the existence of a relatively uniform particle size distribution between sites, hydraulic property appears a dominant criteria for classifying samples from different sites, followed by particle size and chemical composition. While sand appears an ideal texture, the survey also showed that 72% of the sites sampled had an insufficient drainage, a factor linked in part to fine particle migration between larger sand elementary particles during water table movement (Périard et al. 2016 . Hence, texture alone may not guarantee adequate field behaviour and Périard et al. (2016 Périard et al. ( , 2017 rather suggested a decision tree to choose material to top the cranberry bed implying additional hydraulic and chemical characteristics.
Avoiding water stress
In cranberry, estimates of water consumption required to meet the atmospheric evaporative demand range from 2.5 to 7.5 mm d −1 . Two independent studies
show that cranberry evapotranspiration (ET) can be estimated using the Priestley-Taylor equation and a crop coefficient of 0.83 (Bland et al. 1996; . To avoid water stress, cranberry plants tap shallow pools of groundwater that overly the impermeable base layer. When ET exceeds inputs from groundwater and incident precipitation, irrigation is applied as a means to raise the soil water potential (SWP) in the shallow root zone within an optimal range and to ensure an adequate connection between groundwater and the rhizosphere through capillary rise (Elmi et al. 2010; Caron et al. 2016; Vandeerlesst et al. 2016) .
To this end, irrigation of cranberry farms is accomplished through sprinkler irrigation, subirrigation, or a combination of both methods.
Sprinkler irrigation
Historically, sprinkler irrigation was applied every other day through the cranberry growing season without any real-time monitoring of environmental conditions across the soil-plant-atmosphere continuum. The recent findings of Bonin (2009) , which showed that maximum levels of photosynthesis were achieved at SWP values from −4.0 to −6.5 kPa for fruiting uprights and from −1.0 to −4.0 kPa for vegetative stems, suggested that wet conditions may reduce crop yield by favouring vegetative growth over fruiting growth. The work of Bonin (2009) also strongly stressed the need for timing irrigation applications in response to soil and plant conditions in cranberry production systems, and the possibility to profoundly enhance fruit production by continuous monitoring of SWP.
While evaluating SWP as an irrigation threshold over the range of −5.5 and −10.0 kPa, Pelletier et al. (2015a Pelletier et al. ( , 2015b reported some reductions in yield components when irrigation was initiated at SWP values less than −7.5 kPa. Consequently, the drier treatment (i.e., SWP <−7.5 kPa) resulted in a decrease in (1) the number of marketable berries per fruiting upright by 14%, (2) the number of fruiting uprights per unit area by 21%, and (3) in final crop yield by 11% (Pelletier et al. 2013) . Therefore, irrigation applications during the growing Fig. 2 . Some of the information missing in the literature on the possible effects of the maintained soil water potential range on cranberry yield response.
season should be initiated when SWP reaches, at the very lowest, a value of −7.5 kPa to avoid water stress, particularly during fruit set and bud development. Using a −7.5 kPa threshold also reduced irrigation pumping up to 93% compared with wetter thresholds (Pelletier et al. 2016a (Pelletier et al. , 2016b (Pelletier et al. , 2017 . Moreover, the hydraulic models developed indicated that bottom-up water movement was generally not limited when irrigation was initiated at the SWP value of −7.5 kPa , but additional overhead irrigation may be needed for lower values of SWP and also when crop ET is high .
Soil water potential monitoring usually consists of a single or a few monitoring stations, which may present logistical challenges to growers as soil conditions and indeed cranberry yields are rarely ever uniform in beds (Pozdnyakova et al. 2005) . Since yield heterogeneity within a cranberry bed could vary with SWP, Gumiere et al. (2014) proposed a nonuniform approach to irrigation management, with specific irrigation programs developed for different zones within a single cranberry bed. While possible for relatively small farms, the irrigation management approach of Gumiere et al. (2014) may not be feasible for large farms that comprise tens to hundreds of individual beds. Overall, research studies overwhelmingly point to water table management as the most feasible and promising option for reducing spatial variability in SWP, increasing water savings, lowering energy consumption, and improving crop yields (Bonin 2009; Pelletier et al. 2013; Gumiere et al. 2014; Pelletier et al. 2016a Pelletier et al. , 2016b Pelletier et al. , 2017 ).
Water table control
Water table control has been evaluated as an irrigation management strategy for several different types of crops worldwide, and identified as a best management practice for enhancing crop yield while minimizing environmental impact (Evans et al. 1996; Madramootoo et al. 2001) . In contrast to sprinkler irrigation, where water applied to the soil surface percolates to the rhizosphere ("top down"), management of the water table moves water upward from the water table to the rhizosphere by processes of advection and capillary rise ("top up"). The water table depth (WTD) is maintained by adding water by gravity (or, less frequently, by pumping) from a reservoir to draintiles and ditches to maintain to a constant desired height using flow control structures (i.e., wooden boards are commonly stacked in culverts to control ditch level). While high-pressure pumps are required for sprinkler irrigation, lower-pressure pumps can be used to control the WTD , reducing capital and operating expenses accordingly.
In a study that examined early rooting and vegetative growth in rooted cuttings grown in a greenhouse, the highest vegetative growth rate and shallowest rooting depth were obtained with a WTD at 13 cm compared WTD values of 39 and 57 cm, which resulted is deeper rooting depths and less vegetative growth (Baumann et al. 2005 ). In a separate study, similar results were obtained by comparing WTD values of 6 and 35 cm (Hall 1971) . For established sandy beds that lack an impermeable base layer, SWP-WTD relationships indicate that crop water requirements could be met through capillary rise with a WTD of 30-50 cm (Handyside 2003) , or 40-60 cm . Notably, the WTD of 80 cm was associated with elevated risk of water stress, setting a lower limit for WTD in cranberry . In contrast to recent work, research conducted in the 1970s showed that values of WTD between 30 and 38 cm resulted in higher fruit yield compared with those between 38 and 46 cm (3 of 4 yr) and to WTD values between 46 and 54 (4 of 5 yr) (Eck 1976) . Using water table control as the primary source of irrigation, which was supplemented with sprinkler irrigation applied after SWP values dropped to −7.5 kPa, the highest yields were obtained with a WTD of 60 cm (Pelletier et al. 2015b ). The results of Pelletier et al. (2015b) also suggested that cranberry yields may be highly sensitive to very small changes in WTD, with variations on the order of ±30 cm resulting in a 25% reduction in crop yield. The suspected cause of the 25% crop reduction was the plant's inability to set fruit from flowers, which was supported by a decrease from two to one berries per fruiting upright in response to a WTD increase from 60 to 75 cm (Pelletier et al. 2015b ). Moreover, higher yields were associated with improved fruit quality, including increases in sugar content (Brix), TAcy, total acidity (TA), and the Brix:TA ratio (a taste perception indicator), for a WTD of about 60 cm. Water table control was also beneficial from an environmental standpoint, with water and fuel use reduced by 77% compared with sprinkler irrigation. realized similar water and fuel savings using a WTD of 60 cm, and determined that about one-third of total crop ET was supplied from the water table. Consequently, the water table should be maintained at a depth of 60 cm to maximize yield and fruit quality, in addition to water and fuel savings, for sand beds of at least that depth.
Cranberry beds should be constructed so that the WTD can be uniformly controlled. For example, each block of beds at the same elevation should be enclosed by deep ditches and dikes that overly a relatively impermeable material that restricts vertical seepage to groundwater aquifers. Indeed, Pelletier et al. (2015b) found that a 1 m difference in elevation between two adjacent cranberry beds resulted in a 16% yield reduction. Moreover, real-time monitoring of the WTD is required to enable growers to adjust the water level in ditches. In addition to pressure probes installed in observation wells, successfully monitored WTD with tensiometers placed approximately 10 cm below the maximum rooting depth. They found that the SWP at this depth was in hydrostatic equilibrium with the water table and so could be used to determine the WTD. Such a relationship may not hold though if a compacted layer is observed between the probe and the water table.
A potential adverse effect of subirrigation is the risk of salt buildup at the soil surface. Because cranberry roots grow close to the soil surface, salt accumulation may be detrimental to berry crops (Samson et al. 2017a (Samson et al. , 2017b . A paucity of information exists on the tolerance of cranberry to ion accumulation in the root zone under field conditions. In a greenhouse experiment, Samson et al. (2017b) monitored salinity in two irrigation treatments after applying between 1 and 60 times the recommended dose of potassium to create significant salt stress. Growth parameters showed a linear response to salinity levels while productivity parameters had a quadratic response. For instance, photosynthesis declined by 22% and yield by 56% when the electrical conductivity (EC) of the soil solution was 3.2 dS·m −1 in comparison to 0.4 dS·m −1 in the control treatment. The decline in photosynthesis and differences in EC were greater when the treatments were drier (i.e., under lower SWP conditions). The study also showed that EC could be reliably monitored with a capacitive probe with no calibration, or with a calibrated time-domain reflectometry probe (Samson et al. 2017a ). In absence of calibration of the capacitive probe though, the study showed that a 0.21 dS m −1 error is observed, and then, calibration would bring additional accuracy if needed.
Avoiding heat stress
Studies suggest that high temperatures are a major limiting factor in cranberry production (Degaetano and Shulman 1987; DeMoranville et al. 1996) . Water table control may result in higher canopy temperatures than sprinkler irrigation, since in the latter case water is applied directly to the leaves, buds, and fruits, and is likely cooler than midday canopy temperatures. Hence, this evaporative cooling effect may persist for longer periods throughout the day under sprinkler irrigation. Water table control alone may, therefore, increase the risk of heat stress because of the increasing vapor pressure deficit near the foliage caused by lower relative humidity in the bed (as no water is applied overhead). Hence, a higher temperature will result in less latent heat flux, with possible effects on photosynthesis and yield (Pelletier et al. 2016a) as plants may overheat under high evaporative conditions as stomata gradually close to prevent water loss. To help prevent such overheating, sprinkler irrigation should be turned on for a few minutes when a critical temperature threshold is reached, generally around midday, to cool the plants (Pelletier et al. 2016a) .
To this end, maximum photosynthesis in fruiting uprights was found to occur at a leaf temperature of 25-29°C (Pelletier et al. 2016a) . At a radiation-shielded temperature of 33°C, photosynthesis was 11% lower than at 25-29°C, and at 37°C, 22% lower. An earlier report (Kumudini 2004) showed slightly lower photosynthesis rates (∼2%-3%) in cranberry runners exposed to 35°C as compared with 30°C. Since fruiting uprights are more important than runners for increasing yields, a trigger temperature of 33°C (radiation-shielded) is recommended for cooling by irrigation. Cooling the vines led to a carbon gain of 19% and was effective in preventing midday depression (Pelletier et al. 2016a ), a phenomena first reported in cranberries by Hagidimitriou and Roper (1995) , wherein photosynthesis peaks 2-3 h after sunrise and declines by about 50% in the afternoon (Kumudini 2004) . Nonetheless, excessive sprinkler irrigation for cooling may stimulate unneeded vegetative growth, enhance nutrient leaching, limit pollinators' activity, and promote the development of fruit rot, and so the practice should be limited to only one event per day. One 20 min irrigation period had a cooling effect on vines that lasted 2-5 h and was more effective than 2-3 irrigation events per day (Pelletier et al. 2016a) . Canopy temperatures should be monitored with radiation-shielded sensors to provide accurate readings and optimize cooling irrigation (Bonin 2009 ).
Avoiding frost damage
Developing cranberry buds can be sensitive to low temperatures in the spring, so irrigation is often used to protect against frost damage (Workmaster and Palta 2006) . Latent heat is released as water droplets freeze on the canopy, keeping bud temperatures above damaging levels. Following a spring with 17 cold nights, Eaton (1966) reported yield losses of 90% and a 15% reduction in the size of berries in unprotected beds compared with protected beds. Major losses occurred when frost persisted for as little as 1 h in unprotected beds (Sandler and DeMoranville 2008) . The temperature threshold at which protection must be initiated to prevent damage depends on both the cultivar and the growth stage. For example, the 'Stevens' cultivar has a tolerance threshold of −5°C at the cabbage head stage, −3°C at the bud elongation stage, and −1°C at the hook and bloom stage (Workmaster and Palta 2006) . Temperature sensors must be positioned at the canopy surface, several meters away from a ditch, and multiple sensors should be installed to account for spatial variability of air temperature (V. Pelletier, unpublished data; Pelletier et al. 2016a Pelletier et al. , 2016b Pelletier et al. , 2017 . Indeed, the temperature within a block of beds may vary by 2-3°C (Bryla 2015) . To reduce the amount of water applied for frost protection, automatic irrigation cycling trials were conducted in southeastern Massachusetts. The results showed that cycling irrigation successfully protected against frost damage when the water application was stopped once the temperature rose at 2°C higher than the initial trigger temperature, and then re-started once the temperature dropped below the initial trigger temperature. In Massachusetts, irrigation cycling reduced spring frost water use by 35%-77% without adversely affecting crop yield (Ndlovu 2015) .
Avoiding hypoxic conditions
For cranberry, hypoxic conditions in the rhizosphere may result from (1) inadequate drainage of excess of water, mainly during or immediately following rain or irrigation events, and (2) a water table maintained too close to the soil surface. The response to hypoxic conditions and effect of conditions depend on the growth stage of the plant: photosynthesis declined by 28% after the first day of hypoxia during bud elongation, declined by a similar percentage but only after the fifth day of hypoxia during fruit set, and remained constant even after 5 d of hypoxia during fruit development (Pelletier et al. 2016b) . Controlling the water table may increase the risk of hypoxia in the rhizosphere after large precipitation events, particularly in farms that may suffer from poor drainage (Pelletier et al. 2015a (Pelletier et al. , 2015b . In a growth cabinet study, Laurent (2014) measured 60%-80% reduction in photosynthesis over the growing season when the WTD was maintained at 8-35 cm in comparison to 60 cm, concluding that the diffusive oxygen flux in the soil should exceed 0.4 mg m −2 s −1 to avoid the detrimental effects of insufficient aeration.
Drainage Management Strategies
Early work indicated that substantial draintile problems tend to develop in older beds that have been used for 2-9 yr (Juneau et al. 2009 ). More recent work has shown that the surficial sand layer in which the cranberry plant grows can compact rapidly depending on the initial particle size distribution of the sand (Périard et al. 2016 . Up to nine different profile types were characterized in the field, with drainage problems often associated with either the original design of the bed (i.e., shallow sand layer, and fine-grained of sand) or edaphic changes caused by the release of the overburden pressure or water table fluctuations that transport finegrained sediments. Drainage issues are even more problematic in beds where the drain tiles are installed at shallow depths, often the case in older beds with surficial sand ranging from 15 to 20 cm in thickness.
Drainage problems limiting the rapid removal of the excess water may lead to significant yield reductions, which far outweigh any potential benefit derived from reduced water use (Baumann et al. 2005; Jabet et al. 2017) . For example, a significant 39% reduction in yield was measured in organic cranberries where draintiles were completely clogged, which caused most of the crop to remain dormant until after the tile drains were cleared of sediment (Pelletier et al. 2017 ). In the same study, Pelletier et al. (2017) reported a significant 25% yield reduction in one-half of a cranberry bed where the drainage outlet was at a higher elevation than the drain tile. In this case, a remedy was found by lowering the drainage outlet to a depth below the drain, resulting in similar crop yields across both halves of the bed the following year. In this bed, the poor drainage was the likely cause of hypoxic conditions that reduced crop yield (Pelletier et al. 2016b ). Taken together, these studies stress the importance of initial designs of cranberry beds that maximize a soil drainage, but also the need for periodic monitoring of soil properties to detect and prevent the occurrence of drainage problems. Bulot et al. (2017) and Périard et al. (2016 Périard et al. ( , 2017 ) reported on the extent of poor drainage in Central Quebec cranberry farms, citing drainage problems in 75% of cranberry beds. Most of the drainage problems could be linked to soil hydrodynamic properties and to shallow low permeability ("restrictive") layers between the soil surface and the draintiles. Périard et al. (2016 Périard et al. ( , 2017 found these restrictive layers in the upper soil horizon of cranberry beds, and showed how the depths of these layers affects the upward and downward movement of water. For example, controlling SWP in the rhizosphere proved more challenging when the restrictive layer was near the soil surface than when it was close to the tile drain. Notably, the authors point to soil texture and particle size distribution as key determinants in the formation of a restrictive layer and the subsequent clogging of the drain tile. Remedial strategies for drainage problems include adapting the initial drainage system design to account for expected changes in soil properties, or the installation of drainage trenches, both of which need further testing before recommendations can be provided to growers.
Once drainage problems have been detected in existing beds, they must be properly diagnosed and remedied. The soil profile can be examined in the field and core samples analysed in the laboratory for physical (specific bulk density, saturated and unsaturated hydraulic conductivity, water retention curves, and particle size) and chemical (iron oxide and cation exchange capacity) as suggested by Périard et al. (2016 Périard et al. ( , 2017 . While a visual inspection of growth is relatively easy to perform, diagnosing draintile and infiltration problems require more sophisticated analyses. To possibly identify drainage problems caused features in the subsurface (i.e., restrictive layers, clogged drains, and soil heterogeneity), Mbodj (2016) proposed the use of ground penetrating radar (GPR). The authors of this study successfully applied GPR to characterize soil hydraulic properties in cranberry beds. Results showed a close relationship between the spatial variability of soil hydraulic conductivity and the relative amplitude signal from GPR. This technique could be used to improve drainage system design by localizing and spatializing soil hydraulic properties. A more local and direct method, which is also simpler and cheaper, involves analysing soil water tension data. In the absence of a compacted layer, the SWP increases rapidly and there is a direct relationship between the SWP and the position of the water table (Bulot et al. 2017; . Bulot et al. (2017) have described additional patterns of SWP changes associated with poor drainage. Rapid diagnosis of drainage problems is critical because their economic impact is one of the highest importance relative to other factors (Jabet et al. 2017 ).
Conclusions and Recommendations
Advances in irrigation and drainage management in cranberry have contributed to a 60% increase in global cranberry production, at least in part due to a better understanding of water and oxygen dynamics in soil. Similarly, horticultural advances have led to the identification of the main causes of stress (oxygen, temperature, salinity, and water potential) in cranberry plants, as well as the environmental thresholds for such parameters at which they can be detrimental to crop production. Researchers have now developed strategies and tools to help growers avoid these detrimental effects on crop yields. The latest findings are synthesized into recommendations that form a unified irrigation management approach (Fig. 3) . Where feasible, growers should maintain a WTD of 60 cm but never more than 80 cm to maximized increase crop yield water and energy savings. When the upward flux from the water table cannot meet plant requirements, sprinkler irrigation should be triggered at a SWP of −7.5 kPa, at the lowest, to avoid water stress in the crop.
Because the difference between the optimal SWP for initiating irrigation and the SWP resulting in water stress is very small (∼1 kPa), growers must use highaccuracy tensiometers to monitor SWP. Buried tensiometers (10-15 cm) help to reduce the error associated with pressure fluctuations due to air temperature changes (Warrick et al. 1998) . Accurate equipment for monitoring SWP may seem expensive, but the investment pays for itself within 5-20 mo, depending on farm size, cranberry price, and rainfall (i.e., wet vs. dry summer) (Jabet et al. 2017) . The optimal number of probes per unit area depends on the variability of soil properties within the beds, but typically reaches 1 per 4 ha for small operations and 1 per 8 ha in large (400 ha) operations, as reported by Jabet et al. (2017) . Electrical conductivity readings should be incorporated in the water management strategy, as cranberries appear to be sensitive to salinity Fig. 3 . Management recommendations and the relevant papers supporting mechanisms leading to the proposed guidelines for cranberry. (Samson et al. 2017b ) and salt buildup could occur as the result of continuous subirrigation. Future research should include investigation on the oxygen requirements of cranberry, as the crop appears highly sensitive to low oxygen conditions (Laurent 2014) .
To avoid heat stress, sprinkler irrigation should be turned on for 20 min when the temperature in the foliage reaches 33°C using a radiation-shielded probe, even if soil water availability is sufficient, once a day ideally. Temperatures should also be monitored to protect the plants against frost. In this case, cycling the water applications can reduce the amount of water needed for frost protection. Since photosynthesis is considerably reduced under hypoxic conditions in the rhizosphere, the drainage system must be designed to rapidly remove water during frost protection and rainfall. Possible changes in the soil profile should also be monitored to prevent and identify drainage problems.
Promoting best water management practices will help growers to attain maximum yields and reduce the use of water, fertilizers, pesticides, and energy. Nevertheless, further research is necessary to assess new recommendations based on the interaction of these inputs with new water management practices Kennedy et al. 2015) . Improvements in water management may also contribute to reducing root rot and other diseases in cranberry, hence improving fruit quality.
